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Abstract 
The paper presents an ultra low power telemetry system for neural recording applications. Presented system operates 
in 433 MHz ISM band. It makes use of FSK modulation and offers 2 Mbits/s throughput. The only external 
components of the transmitter are power supply bypass capacitors and a planar coil, which is a part of an oscillator's 
tank and also acts as a magnetic antenna. Presented transmitter is based on a modified complementary Colpitts 
oscillator. It is able to operate at very low supply voltage, down to 0.9 V. Besides voltage controlled oscillator (VCO) 
transmitter includes a prescaler, which divides RF frequency by 16. Resulting signal can be used to clock digital part 
of the system. Presented transmitter was implemented in 180 nm CMOS process and consumes only 450 μW. The 
accompanying receiver was equipped with an adaptive, software based FSK demodulator. 
© 2012 Published by Elsevier Ltd. 
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1. Introduction  
Electrical signals recorded from neuronal cells of brain of small animals like mouse, rats are invaluable 
source of information for neurophysiologists looking for information how complicated neuronal systems, 
like a retina or a brain, code and process information. Recent progress in microelectronics enabled 
integration of many ultra low power amplifiers on a small silicon die and, in a consequence simultaneous 
recording of many weak extracellular electrical signals produced by neurons [1][2]. 
However, energy efficient transmission of large amounts of data (160 kbits/s for a single channel with 
20 kHz sampling rate and 8 bits quantization) generated by such systems is still an open issue. The wired 
* Corresponding author Paweł Turcza, Tel.: +48-12-617-3972; fax: +48-12-633-8565. 
E-mail address: turcza@agh.edu.pl. 
Available online at www.sciencedirect.com
© 2012 The Authors. Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the Symposium Cracoviense 
Sp. z.o.o. Open access under CC BY-NC-ND license.
Open access under CC BY-NC-ND license.
814   Paweł Turcza /  Procedia Engineering  47 ( 2012 )  813 – 816 
data transmission requires the examined animal to be head-fixed or tethered and hampers simultaneous 
study of neural activity and behaviour. Wireless RF telemetry systems enable recording from freely 
moving animals, however they are more complicated in design and tend to consume more power. 
RF-telemetry system dedicated to neural recording application should provide at least 1 Mbit/s data 
rate at a very low power consumption (below 1 mW). Such highly energy efficient wireless data 
transmission is possible only when a constant envelope modulation i.e. phase or frequency modulation is 
applied. Unfortunately, M-ary phase shift keying (MPSK) is difficult to implement. It requires the usage 
of a generator which is capable of generating quadrature or multiple-phases signals with sufficiently low 
phase noise, which in turn requires a power-hungry PLL-based frequency synthesizer with a bulky quartz 
crystal oscillator. Frequency modulation seems to be a better choice for wireless neural recording systems.  
The need for short transmission range (1-3 m only) enables easing the requirement of transmitter 
carrier frequency stability and encourage the designer to “shift the responsibility” for tracking transmitter 
carrier frequency drift (due to parasitic influences and voltage or temperature changing) to the receiver. 
In this contribution, we present an ultra-low-power RF-telemetry system which consist of an FSK 
transmitter operating without the PLL and an adaptive software based FSK demodulator, which is able to 
automatically compensate transmitter carrier frequency drift. 
Fig. 1. Block diagram of the designed telemetry system for 
neural recording applications. 
Fig. 2. Ultra low voltage, modified complementary Colpitts 
oscillator. 
2. RF telemetry system 
The proposed low-power FSK transmitter is presented in Fig. 1. It includes modified complementary 
Colpitts oscillator [3] (Fig. 2) and a preamplifier (Fig. 3) driving RF frequency prescaler based on high 
speed TSPC DFF [4] (Fig. 4). Applied modification enables reduction of the supply voltage of the circuit, 
and in consequence total consumable power, by configuring MOS transistor N2 to operate simultaneously 
as a current source and negative resistance compensating LC tank losses. The oscillator's bias current is 
set by current source I0 through the current mirror N1-N2 and resistor R0. MOS varactors M0-M1 create a 
1MHz frequency deviation in response to an input signal (Vctrl). 
The prescaler output can clock digital part of the system directly, what renders bulky crystal oscillator 
unnecessary and makes the whole neural recording system smaller. 
The adaptive, software-based FSK demodulator implemented in the presented RF-telemetry system is 
shown in Fig. 5. The received, FSK modulated, signal after bandpass filtering is ))(sin()( tttx c φω += , 
where cω  is the carrier frequency and ³= dttmkt )()(φ  is an instantaneous phase shift resulting from 
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frequency modulation with m(t). The signal x(t) is multiplied by a delayed version of itself e.g. x(t-τ) and 
lowpass filtered to remove the double frequency component. Resulting signal is 
))()(cos()( τφφτω −−+= tttz c , where τ is a time delay. If the time delay is set to 2/πτω −=c  one can 
rewrite z(t) in the form 
)())()(sin())()(2/cos()( tmktttttz ττφφτφφπ ≈−+=−++−= . 
The performance of the demodulator (Fig. 5) is highly dependent on the accuracy of the delay τ, what 
can be clearly observed in Fig. 7. Presented transmitter operates without PLL, so it is highly unlikely that 
the required time delay 4/)/( sc TT−=τ  will be an exact multiple of the signal sampling period Ts. 
Therefore, in the presented demodulator the fractional delay filter implemented by Farrow structure [6] 
was applied to accurately generate the needed fractional delay. The required time delay is estimated based 
on the output signal z(t) in an adaptive manner. The initial value of τ is estimated based on mean value of 
signal z(t). The adaptive tracking of τ is implemented based on the difference between the decision device 
input and output. 
Fig. 3. Ultra low power RF preamplifier driving the first stage 
of the prescaler. P3, P4 act as pseudo resistors. 
Fig. 4. High speed TSPC DFF [4].
Fig. 5. The adaptive FSK demodulator applied in the receiver. Fig. 6. The micro-photography of the designed transmitter with a 
planar coil antenna.
Fig. 7. Exemplary signals z(t) resulting from FSK demodulation using demodulator equipped with an integer time delay τ=1 (left), 
and a fractional time delay τ=1.236 (right). The IF carrier and sampling frequency was 4.14 MHz and 20.48 MHz respectively. The 
transmitted bit-stream was 0000-0000-1100-1100-1100-1100-10-10-10-10. The blue line represents the slicer decision output.
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3. Results 
Table 1 lists the performance of four miniature telemetry systems reported in the literature, including 
the one presented in the paper. Presented system operates with very low supply voltage and offers the 
lowest  energy-per-transmitted-bit ratio. 
 Table 1. Comparision of miniature RF telemetry systems. 
Conclusions 
Presented FSK transmitter for RF-telemetry system has been fabricated in 180 nm CMOS process. It 
has been demonstrated that it provide 2 Mbit/s data rate at 1.5 m distance while consuming only 450 μW. 
The adaptive, software based FSK demodulator has been implemented in the receiver to compensate the 
transmitter carrier frequency drift caused by parasitic influences and voltage or temperature changes.
Proposed demodulator is especially useful in demodulating weak signals, when the SNR is low. 
Together with the transmitter [5] it can be also applied in wireless capsule endoscopy system [7]. 
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Work Power cons. [mW] Supply voltage  [V] Carrier freq [MHz] Datarate  [Mbps] Energy/bit [nJ/bit] 
[1] 1.8 3.3 443 0.33 5.45 
[2] 1.48 3 95.1 Analog - 
[5] 2 1.8 144 2 1 
This 0.45 0.9 433 2 0.22 
This 0.72 1.2 433 2 0.36 
